Naturally occurring variations in maternal care influence hippocampal development in the rat. In the present study we found that variations in maternal licking/grooming (LG) during the first week of life are associated with altered hippocampal expression of BAX (group-1 tumor necrosis factor family mediated cell death effector) in 90-day-old male offspring. BAX-like immunoreactivity on western blots is significantly increased in the adult offspring of low-level LG mothers. There is no effect of maternal care on levels of either B-cell lymphoma-2 (BCL-2) (group-II mitochondria mediated cell death suppressor) or BAD (group-III endoplasmic reticulum mediated cell death effector). The most striking biochemical event in apoptosis is DNA fragmentation. Terminal deoxynucleotidyl transerferase (Tdt)-mediated dUTP-biotin nickend labeling (TUNEL) and 4¢,6¢-diamidino-2-phenylindole hydrochloride (DAPI) staining showed that the number of TUNELpositive cells in both the dentate gyrus and CA1 region of the hippocampus is significantly increased in the adult offspring of low-level LG mothers. In conclusion, we propose that hippocampal neurons in the offspring of low-level LG mothers may be more vulnerable to loss through apoptosis.
Parental care influences cognitive development in human and nonhuman primate offspring (Ammerman et al. 1986; Putnam et al. 1995; Suomi 1997 ). In the rat, naturally occurring variations in maternal licking/grooming and arched-back nursing (LG-ABN) during the first week of life are associated with differences in spatial learning/memory that endure with aging (Liu et al. 2000) . Spatial learning and memory in the rat are associated with hippocampal function (Morris et al. 1982; Milner et al. 1998; Whishaw 1998; Wood et al. 1999) , and the first week of life is a period of intense hippocampal synaptogenesis (Gall and Lynch 1980; Saito et al. 1994) . The offspring of mothers that showed increased levels of pup LG and that nursed more frequently in an archedback posture showed evidence for increased hippocampal synaptogenesis and enhanced spatial learning/memory (Liu et al. 2000) .
The effect of maternal care on synaptic survival in the neonatal rat hippocampus may be mediated by altered expression of neurotrophic factors; as neonates, the offspring of high-level LG-ABN mothers show increased hippocampal brain-derived neurotrophic factor (BDNF) expression (Liu et al. 2000) . However, there is little understanding of the underlying pathways involved in the preservation of such individual differences in cognitive development, or whether maternal care may influence neuronal survival during adulthood. Cell division, growth, differentiation and death are finely orchestrated events during normal development. Programmed cell death (i.e. apoptosis) has been suggested to be the orderly demize of cells that have completed their useful function (Kerr et al. 1972; Wyllie et al. 1980; Ellis et al. 1991) . Current literature suggests the existance of at least three main apoptosis pathways: the tumor necrosis factor (TNF)-family of death receptors (group I); mitochondria (group II); and endoplasmic reticulum (ER) (group III), with extensive cross-over between paths. Among the genes involved in the regulation of these apoptotic pathways, the B-cell lymphoma-2 (BCL-2) proto-oncogene family [consisting of anti-apoptotic members (BCL-2, group II) and pro-apoptotic members (BAX, group I; BAD, group III)] is the best defined (Oltvai et al. 1993; Yang et al. 1995; Adams and Cory 1998; Gross et al. 1999; Antonsson and Martinou 2000) . Cell death by these proteins is associated with internucleosomal DNA fragmentation (Oppenheim 1991) , often quantified using terminal deoxynucleotidyl transerferase (Tdt)-mediated dUTP biotin nick-end labeling (TUNEL).
To study whether the activity of genes involved in neuronal survival were influenced by the nature of the early mother-pup interactions, dams were characterized postpartum for frequency of LG-ABN of their offspring during the first week of life. Western blot analysis of BAX, BCL-2 and BAD was performed on the hippocampal tissue from the adult (90-day-old) offspring of the high-and low-level LG-ABN dams. TUNEL and 4¢,6¢-diamidino-2-phenylindole hydrochloride (DAPI) staining was performed on dorsal-hippocampal coronal sections from the adult offspring of the high-and low-level LG-ABN dams to assess apoptotic activity.
Materials and methods

Animals and behavior
We examined maternal behavior in Long-Evans dams using a version of a procedure previously described (Myers et al. 1989; Liu et al. 1997 Liu et al. , 2000 . The behavior of each dam was observed for five 75-min periods/ day for the first 8 days postpartum by five observers trained using video and still photography (interrater reliability, > 0.90). Observations occurred at regular times each day with three periods during the light phase and two periods during the dark phase (07:00, 10:00, 13:00, 17:00 and 20:00). Within each observation period the behavior of each mother was scored every 3 min (25 observations/period · 5 periods per day ¼ 125 observations/mother/day) for nursing posture, and mother LG of any pup.
Animals were weaned from their mothers on day 21 of life and separated into cohorts of offspring of high-and low-level LG-ABN mothers. High-and low-level LG-ABN mothers were determined by the total percentage of observations in which mothers exhibited target behaviors of LG-ABN of their offspring. Dams with mean scores over the entire period of observation for both LG and ABN that were one standard deviation above the mean for the cohort were considered to be high-level LG-ABN mothers. Alternatively, mean scores one standard deviation below the mean for both behaviors were considered as lowlevel LG-ABN mothers. Note, LG and ABN are normally very closely correlated (r ¼ 0.90; Caldji et al. 1998) .
Western blotting
Brains were removed from adult (90-days-of-age) male offspring of highand low-level LG-ABN mothers (n ¼ 6 animals/group) by rapid decapitation less than 1 min following their removal from the home cage. The hippocampi were dissected, snap-frozen on dry ice and stored at ) 80°C. The hippocampal tissue whole-cell extract was prepared using a similar method to that of Thoidis et al. (1998) . Briefly, tissue was homogenized in a sucrose buffer [1 mL/sample; sucrose (320 mM)/Hepes (4 mM, pH 7.4)] using a Teflon-glass homogenizer. The homogenate was centrifuged (1100 g, 10 min) and aliquots of the supernatant were subsequently taken to determine the levels of protein in the whole hippocampus (Bradford 1976) . Several preliminary western blotting experiments (Sambrook and Gething 1989) were performed in order to determine the effects of various reducing and denaturing conditions, as well as to determine the optimal conditions for BAX, BCL-2 and BAD immunodetection. The signal was linear with respect to the quantity of protein loaded and antibody concentration (data not shown). Western blots were performed using equal quantities of protein (40 lg) separated on Novex 4-12% Tris-glycine polyacrylamide gel electrophoresis (PAGE) precast gels (Helixx Technologies) with stained molecular markers (SeeBlue; Invitrogen) loaded for reference. Proteins were then electrophoretically transferred according to the methods of Towbin et al. (1979) onto nitrocellulose membranes (Amersham). The membranes were blocked [room temperature (RT), 1 h] with Carnation dried milk (5%) in Tris-buffered saline with Tween (TBS-T) [Tris, NaCl, Tween-20 (0.1%), pH 7.6], washed briefly in TBS-T and incubated (4°C, overnight) with anti-mouse, BAX, BCL-2 or BAD monoclonal primary antibodies in blocking buffer (1 : 1000; Santa Cruz Biotech). Membranes were washed with TBS-T (RT, 20 min), and then incubated (RT, 1 h) with horseradish peroxidase-conjugated rabbit anti-mouse immunoglobulin G antibody (1 : 2000; Biodesign International). Following four 15-min washes with TBS-T, the bands were visualized by enhanced chemiluminescence (ECL; Amersham) and apposed to autoradiography film (Hyperfilm-MP; Amersham) before being developed. To verify the accuracy of sample loading, selected blots were incubated (70°C, 30 min) in stripping solution [Tris-HCl (62.5 mM), mercaptoethanol (100 mM), SDS (2%)] before being blocked (4°C, overnight) and reprobed (RT, 1 h) with an a-tubulin monoclonal antibody (1 : 5000; Biodesign International). A single band was observed at 60 kDa and the intensity of the signal was similar in all lanes. Relative optical density (ROD) readings for the BAX, BCL-2 and BAD bands were determined using a computer-assisted densitometry program (MCID 4.0; Imaging Research) from samples (n ¼ 6 animals/group) run in triplicate on three different blots. For all studies, single blots were derived from samples from one animal.
TUNEL labeling
Whole brains were extracted (as above), snap-frozen on dry ice and stored at ) 80°C. Coronal sections (15 mm) corresponding to stereotaxic levels from ) 2.30 to )3.80 mm from bregma (Paxinos and Watson 1996) were collected onto gelatin-subbed slides and stored at ) 80°C. All sections were processed in parallel for TUNEL with the ApopTag Red In Situ Apoptosis Detection kit (Intergen Co.) following the manufacturer's instructions. Sections were immersion-fixed (RT, 10 min) in paraformaldehyde (1%) in phosphate-buffered saline (PBS; 50 mM; pH 7.4), followed by two 5-min washes with PBS. Sections were then permeabilized ()20°C, 5 min) in a pre-cooled solution of ethanol : acetic acid (2 : 1; v/v), followed by two 5-min washes with PBS. Intergen proprietary equilibration buffer was applied to the sections (RT, 5 min), followed by incubation with the DNA strand break labeling solution containing Tdt enzyme (37°C, 1 h). Negative control sections for each rat were produced by omitting the addition of Tdt enzyme. Next, sections were washed in Stop/Wash buffer (RT, 10 min), followed by three 1-min washes with PBS. Sections were then incubated in a solution containing antidigoxigenin conjugated to rhodamine (RT, 30 min), while being shielded from light. Following four 2-min washes with PBS, the sections were counterstained with DAPI (0.125 mg/mL) and allowed to dry (4°C, overnight). DAPI dye binds externally to DNA. The sections were then cover-slipped with Krystalon (Harleco) and visualization of TUNEL and DAPI labeling was performed on an Olympus BH2 fluorescence microscope (400· magnification; Fig. 1d ). Separate filters were used to inspect the rhodamine signal [excitation wave length (ex.) 540 nm and emmision wave length (em.) 550 nm] and DAPI counterstain (ex. 365 nm and em. 480 nm). The absolute numbers of TUNEL-positive cells were counted at the same sterotaxic level over the entire area of the dentate gyrus, and CA1, CA2 and CA3 hippocampal regions of Ammon's horn. An observer blind to the experimental conditions performed the counts.
Statistical analyses were performed using analysis of variance (ANOVA) for repeated measures with Tukey's Honestly Significant Difference (HSD) post-hoc tests (SPSS Inc.). Data were expressed as mean ± SEM.
Results
Western blot analysis using monoclonal BAX, BCL-2 and BAD antibodies revealed single major bands at 21, 25 and 22 kDa, respectively, in all hippocampal preparations (Fig. 1a) . The estimated molecular masses are consistent with those previously reported for rat BAX and BCL-2 (Chen et al. 1996; Lopez et al. 1999a,b; Zhu et al. 1999) . Quantitative analysis of hippocampal levels of BAX, BCL-2 and BAD immunoreactivity (Fig. 1b) revealed a primary effect of treatment (high-vs. low-level LG-ABN mother; F ¼ 9.5; d.f. ¼ 2, 5; p < 0.006) and a significant treatment-protein interaction (F ¼ 7.5; d.f. ¼ 2, 12; p < 0.004). Post-hoc analysis indicated a significant (p ¼ 0.001) difference in levels of BAX immunoreactivity between the offspring of low-and high-level LG-ABN mothers. In contrast, both BCL-2 and BAD expression did not differ as a function of maternal care.
TUNEL staining was performed on dorsal-hippocampal coronal sections (Fig. 1c) . Neuronal nuclei were only considered positive for TUNEL if they were round (characteristic of early stage apoptosis) and intensely fluorescent in strong contrast to the surrounding tissue (Fig. 1d) . Tdt enzyme labeling intensity and background were consistent among slides. Quantitative analysis of hippocampal levels of TUNELpositive neurons (Fig. 1e) labeled cells counted from six animals/group (nine sections/animal) and reveal a primary effect of treatment (high-vs. low-level LG-ABN mother; F ¼ 15.003; d.f. ¼ 1, 21; p < 0.001) and a main effect of region (dentate gyrus, CA1, CA2 and CA3; F ¼ 31.141; d.f. ¼ 3, 11; p < 0.001). However, the interaction of treatment with region was nonsignificant (F ¼ 2.082; d.f. ¼ 1, 3; p < 0.1). Post-hoc analysis indicated a significant increase in the number of TUNEL-positive neurons (Fig. 1f) in the dentate gyrus ( p < 0.011) and CA1 (p < 0.002) region of Ammon's horn of the offspring of low-compared with the offspring of high-level LG-ABN mothers.
Discussion
The results of this study demonstrate that anti-apoptotic member BCL-2 and pro-apoptotic members BAX and BAD gene products are detectable in the adult (90-day-old) male Long-Evans rat hippocampi. Furthermore, BAX expression is significantly greater in the hippocampi of the offspring of low-compared with high-level LG-ABN mothers. However, because there is no significant difference in BAD expression between the offspring of high-and low-level LG-ABN mothers, and because BAX is considerably more highly expressed than BCL-2 in the offspring of lowlevel LG-ABN mothers, the BAX : BCL-2 ratio may be a more important factor in determining cell fate. TUNEL staining on brain tissue slices allows the simultaneous assessment of cellular morphology and the localization of single cells in situ expressing damaged DNA with either blunt 3¢ over-hang or recessed 3¢-OH over-hangs. Although only a few nuclei of neurons in each section were labeled, the number of TUNEL-positive cells was significantly greater in the hippocampi from offspring of low-compared with high-level LG-ABN mothers. Although it remains unclear whether DNA fragmentation occurs as a result of apoptotic and/or necrotic cellular processes (Barth et al. 2000) , the neuronal death in this model had apoptotic morphology and showed nonrandom DNA fragmentation. These findings imply that maternal care affects the hippocampal BAX : BCL-2 ratio and may therefore influence neuronal death in adulthood.
Although a wide range of environmental stimuli profoundly affects development in mammals, those provided by the mother are certainly the most critical for early survival and growth Kuhn et al. 1978 Kuhn et al. , 1979 Evoniuk et al. 1979; Pauk et al. 1986 ). In the rat pup, tactile stimulation derived from maternal LG-ABN alters the hippocampal expression of inducible immediate early genes that promote cellcycle progression and the biosynthesis of molecules necessary for normal growth (Heby and Emanuelsson 1981; Slotkin and Bartolome 1986; Marton 1987; Wang et al. 1996) . Tactile stimulation also has an immediate impact on endocrine function in the infant rat, including the stimulation of neurotrophic factors and growth hormone (Schanberg et al. 1984) , and the inhibition of the highly catabolic glucocorticoids (Levine 1994) . Although the current findings do not address the issue of the absolute levels of tactile stimulation required for the long-term regulation of BAX, the data do suggest differences in maternal care can serve as a source of variation in the expression of BAX in the offspring. The potential role of apoptosis during neuronal development includes optimization of synaptic connections, removal of unnecessary neurons and pattern formation, which suggests that neurons are initially overproduced and then compete for target-derived neurotrophic factors (Cowan et al. 1984; Burek and Oppenheim 1996) . We previously reported that the offspring of low-level LG-ABN mothers have decreased hippocampal expression of neurotrophic factors relative to offspring of high-level LG-ABN mothers (Liu et al. 2000) . In concert, both neurotrophic factor withdrawal and overexpression of BAX (as reported here in the offspring of low-level LG-ABN mothers) would be expected to promote apoptosis (Oltvai et al. 1993; Oltvai and Korsmeyer 1994) . Indeed, the aging process in the developing rat is related to hippocampal cell death (Kadar et al. 1990 ). However, in order to examine this hypothesis, a detailed time-course study of BAX and neurotrophic factor expression in the developing rat brain would be invaluable.
In summary, we have shown an increased expression of the proapoptotic protein BAX and a greater number of TUNEL-positive neurons in the hippocampi from offspring of low-compared with highlevel LG-ABN mothers. These observations lead us to believe that the differences in BAX expression may be involved in differential aging of the hippocampus. Interestingly, we have previously shown that the adult offspring of high-level LG-ABN mothers perform better in paradigms that test hippocampal-dependent memory and learning, compared with the adult offspring of low-level LG-ABN mothers (Liu et al. 2000) .
